We used functional magnetic resonance imaging to explore brain responses to food images in overweight humans, examining independently the impact of a prescan meal ("satiety") and the anti-obesity drug sibutramine, a serotonin and noradrenaline reuptake inhibitor. We identified significantly different responses to these manipulations in amygdala, hypothalamus, and ventral striatum. Each region was specifically responsive to high-calorie compared to low-calorie food images. However, the ventral striatal response was attenuated by satiety (but unaffected by sibutramine), while the hypothalamic and amygdala responses were attenuated by drug but unaffected by satiety. Direct assessment of regional interactions confirmed the significance of this double dissociation. We explored the regional responses in greater detail by determining whether they were predictive of eating behavior and weight change. We observed that across the different regions, the individual-specific magnitude of drug-and satiety-induced modulation was associated with both variables: the sibutramine-induced modulation of the hypothalamic response was correlated with the drug's impact on both weight and subsequently measured ad libitum eating. The satiety-induced modulation of striatal response also correlated with subsequent ad libitum eating. These results suggest that hypothalamus and amygdala have roles in the control of food intake that are distinct from those of ventral striatum. Furthermore, they support a regionally specific effect on brain function through which sibutramine exerts its clinical effect.
Introduction
Characterization of pathways regulating energy homeostasis, largely using rodent models, has led to the identification of neural circuits modulating energy balance and nutrient partitioning (Morton et al., 2006) . Functional magnetic resonance imaging (fMRI) is used increasingly to relate these insights to humans, offering the opportunity to explore factors such as weight, appetite, eating behaviors, and food type (Killgore and YurgelunTodd, 2005; Porubská et al., 2006; Rothemund et al., 2007; Führer et al., 2008; Coletta et al., 2009; McCaffery et al., 2009; Schienle et al., 2009 ). It has also been possible to link brain responses to levels of peripheral hormones (Batterham et al., 2007; Farooqi et al., 2007; Malik et al., 2008) , genes (Stice et al., 2008) , gender (Smeets et al., 2006; Uher et al., 2006; Killgore and Yurgelun-Todd, 2010) , personality (Beaver et al., 2006) , and mood (Killgore and Yurgelun-Todd, 2007) .
In addition, advances in pharmacological fMRI approaches offer new ways of exploring neural contributions to eating behavior as well as elucidating the mechanisms of action of current and potential anti-obesity compounds. In this study, we determined the impact of two factors on brain responses to high-calorie foods: satiety and the centrally acting anti-obesity drug, sibutramine. The experimental design is summarized in Figure 1 .
The first factor, satiety, has been shown to have an impact on brain responses to food-related stimuli. While there has been some variability, separate studies have noted that the fasted state is associated with greater activation in amygdala (LaBar et al., 2001; Holsen et al., 2005; Smeets et al., 2006; Führer et al., 2008; Goldstone et al., 2009; Piech et al., 2009) , insula (Pelchat et Goldstone et al., 2009) , and hypothalamus (Smeets et al., 2006; Cornier et al., 2007 Cornier et al., , 2009 .
The second factor involved a 2 week period of treatment with sibutramine, a centrally acting drug that was, until recently, licensed for weight reduction in obesity. Long-term trials have shown that patients treated with sibutramine achieve body weight reduction of ϳ4 -5% greater than those treated with placebo (Hansen et al., 2001 ). Sibutramine acts principally by blocking synaptic reuptake of serotonin and noradrenaline (Nisoli and Carruba, 2000; Lean, 2001 ), but how these effects on synaptic transmission lead ultimately to therapeutic changes in eating behavior is unknown.
In brief, using a randomized, placebo-controlled, withinsubjects, counterbalanced design, we examined the impact on neural responses of natural (eating-induced) satiety, as well as the pharmacologically induced reduction in desire for food. We related neural effects to relevant anthropometric (body weight and fat mass) and behavioral (ad libitum food intake) variables recorded outside the scanner. In this way, we sought to establish, more specifically, the different contributions of brain regions to eating behaviors and to explore the mechanism of action of sibutramine.
Materials and Methods

Subjects
Participants were recruited by local advertisement. Prospective inclusion criteria were age (18 -45 years), body mass index (BMI) of between 25 and 30, and lack of medical conditions (except asthma) or drug or alcohol dependence. Twenty-eight overweight, healthy volunteers [mean age 34.3 (Ϯ7.3) years; 22 male] were recruited. Technical problems limit the complete fMRI datasets presented here to 24. Patient characteristics of these 24 participants at baseline are summarized in Table 1 (characteristics of the complete set of 28 participants are summarized in supplemental Table 1 , available at www.jneurosci.org as supplemental material). Blood glucose and thyroid-stimulating hormone levels were checked to be normal at baseline. The study was approved by a local regional ethics committee in Cambridge (REC ref 08/H0308/11) and was conducted at GlaxoSmithKline's Clinical Unit in Cambridge, Addenbrooke's Hospital, Cambridge, UK, in accordance with the principles of the Declaration of Helsinki. All participants provided written, informed consent after the nature and possible consequences of the studies were explained.
The experimental treatment, sibutramine, is now known to be associated with increased cardiovascular risk following prolonged treatment trials (see http://www.ema.europa.eu/pdfs/human/referral/ sibutramine/3940810en. pdf), and was not recommended for treatment of patients with pre-existing heart disease. All the patients participating in the current study had normal cardiovascular function (established by medical history, physical examination, and repeated ECG) and regular clinical safety reviews, and were prescribed sibutramine within the existing therapeutic guidelines.
Note that key observations were made while participants were resident in the research unit. Critically, this enabled us to ensure full experimental control of fasted/fed state before each imaging session.
Experimental paradigm
In a double-blind, placebo-controlled, crossover design (see Fig. 1 ), participants were randomized immediately after baseline assessment to receive oral sibutramine (15 mg/d in a single morning dose) and oral placebo, each for a period of 14 d, in counterbalanced order. Close to the end of each treatment period (day 12), participants were admitted for 2 d to the clinical unit, where they underwent anthropometric, behavioral, and functional MRI assessments as detailed below. Between treatments, there was a 2 week washout period.
Assessments Anthropometric
Body weight and BMI were measured conventionally. Body composition was measured using a low-field magnetic resonance instrument, QMR Echo-MRI, providing measure of total body fat mass, lean mass, and total body water. Ad libitum food intake was measured by allowing participants to eat as much popcorn as they wished while watching an entertaining television program for 20 min. The amount consumed in grams was subsequently correlated with key imaging observations (as described below). Note that one of the 24 scanned participants did not like popcorn, and his data were not used in subsequent correlation analyses.
fMRI
Participants were scanned twice using fMRI (on the morning of both assessment days at ϳ8:30 A.M.) at the end of each treatment period. For one of the scanning sessions, participants had fasted from 10 P.M. the previous evening; for the other, they had eaten a standard breakfast ϳ30 min before arriving at the scanner. The order of fasted and fed scanning sessions was counterbalanced across participants.
Imaging task and technical details
In each 30 min session, participants were scanned while watching a series of images of high-calorie food items (e.g., chocolate), low-calorie foods (e.g., broccoli), or nonfood items [everyday objects (watches, jewelry, clothing) and scenes], matched across categories for color and other visual properties. Four sets of 75 images (25 high-calorie food, 25 lowcalorie food, 25 nonfood) were selected with a different set being used on each of the four scanning sessions (the order of sets used was counterbalanced across participants for the four sessions). Images from each category were presented in counterbalanced order in blocks of five (each image appearing for 5 s) interspersed with periods of fixation, each block lasting 25 s. Participants were instructed to think about how much they liked each image and push a button in response to each.
Participants also performed a separate Pavlovian and instrumental learning task, which will be analyzed and reported elsewhere. There was no overlap of stimuli across the two tasks. The learning task was performed first in each scanning session. gradient echo T2*-weighted echo-planar images depicting blood oxygenation level-dependent contrast were acquired for each participant. The first six images were treated as "dummy" scans and discarded to avoid T1 equilibration effects. Images were positioned at 30°to the anterior commissure-posterior commissure plane and comprised 32 slices, each of 3 mm with a 0.5 mm interslice gap and 64 ϫ 64 data matrix. A repetition time of 2000 ms was used with an echo time of 30 ms and 90°f lip angle.
fMRI data acquisition and analysis
Data were analyzed using statistical parametric mapping in the SPM5 program (www.fil.ion.ucl.ac.uk). Images were realigned then spatially normalized to a standard template and spatially smoothed with a Gaussian kernel (8 mm full width at half-maximum). The time series in each session were high-pass filtered (with cutoff frequency 1/120 Hz) and serial autocorrelations were estimated using an AR(1) model. The blocked conditions were modeled using a canonical hemodynamic response function convolved with a boxcar function placed at the onset of each block. For each set of scans, we modeled the three conditions (highcalorie food, low-calorie food, nonfood), which were specified as covariates in a general linear model, and an activation parameter was estimated at each voxel for each stimulus type. The parameter estimate, derived from the mean least-squares fit of the model to the data, reflects the strength of the covariance between the data and the canonical response function for a given stimulus condition. The responses to each condition were compared to the fixation baseline, and these contrasts were taken forward to a group analysis treating intersubject variability as a random effect. At the group level, for the condition effects, we used an ANOVA model to explore the effects of stimulus type, satiety, and treatment. As detailed below, we explored the main effect of stimulus type (both all food vs nonfood images and high-calorie vs low-calorie images) before establishing the modulatory effects of drug and satiety on stimulusrelated neural responses. The drug, satiety, and condition effects were specified as non-independent (repeated measures) having unequal variance. The violation of sphericity in the ensuing covariance components are estimated in SPM, using Restricted Maximum Likelihood with corresponding adjustment of the statistics and degrees of freedom.
In a further post hoc analysis motivated by our observations of hypothalamic responses (see below), we aimed to reliably localize individualspecific high-calorie food-related activations, by reanalyzing images with a smaller Gaussian smoothing kernel (4 mm full width at halfmaximum) and mapping activations onto each individual's own spatially normalized structural MRI. These data are presented in supplemental Figure 1 (available at www.jneurosci.org as supplemental material).
Defining regions of interest
In analyzing these data, we used existing knowledge of the functional neuroanatomy of food reward processing and eating behavior (Porubská et al., 2006; Farooqi et al., 2007; Führer et al., 2008) to focus attention on the following brain regions: insula, ventral and dorsal striatum, hypothalamus, amygdala, and midbrain. This approach reduced the number of statistical tests, compared to that entailed in a theoretically uninformed analysis of the whole brain. A standard procedure for correction of false-positive error rates was used to adjust significance levels for multiple comparisons.
Regions of interest for the analyses relating to the main effects of image type (all food vs nonfood and high-calorie vs low-calorie images) were anatomically defined using the Pickatlas tool (Maldjian et al., 2003) implemented in SPM5 and consisted of the following: nucleus accumbens, caudate nucleus, putamen, globus pallidus, midbrain, hypothalamus, and amygdala. The midbrain region was defined within a sphere with radius ϭ 12 mm centered at x, y, z ϭ 0, Ϫ15, Ϫ9 mm, as in previous work from our group (Murray et al., 2008) . A familywise error correction for the entire set of regions of interest was used. Subsequently, regional activations for the main effects (high-calorie vs low-calorie food images) were used for further region of interest analyses. We carried this out using the initial analysis (high-calorie vs low-calorie images for all drug and satiety conditions) to identify the key foci showing a calorie-specific response and then testing for the specific interactions (task by satiety, task by drug, task by satiety by drug). These interactions are orthogonal to the main effects. For each region, therefore, we identified left-and right-sided foci and tested interactions within spheres (d ϭ 10 mm) centered around the foci, using a standard Bonferroni correction for the overall number of tests (six). (An exception was the insula, which is a large structure and contained several foci of calorie-specific activation. We therefore used an anatomical mask of the entire insula bilaterally to test for interactions in this region, correcting for multiple comparisons appropriately.)
Analyses
Brain responses to picture stimuli regardless of satiety or sibutramine treatment
Two contrasts are reported reflecting overall brain responses within the regions of interest to images viewed: the primary analysis identified the specific impact of calorific value, i.e., the main effect of viewing highcalorie compared to low-calorie images; a second analysis assessed the main effect of all food pictures (high and low calorie) compared to nonfood items. The latter analysis was performed for completeness and is reported in supplemental Table 1 (available at www.jneurosci.org as supplemental material). The purpose of the first analysis was to identify key regions within the system that were specifically responsive to the highcalorie (compared to low-calorie) food images. This was the basis for further identification of the drug and fasting effects. That is, in all subsequent analyses, we focus specifically on the regions showing significantly greater responses to high-calorie than to low-calorie images. We ensured this by using this analysis to identify a subset of regional activations with all subsequent tests being performed on spheres drawn around these regions (diameter of sphere of interest ϭ 10 mm). These analyses were subject to small volume correction on this basis.
In short, our aim in this set of complementary analyses was to identify calorie-specific brain activations within a set of regions suggested by prior imaging work and then to subject the subset of regions showing such calorie-specific activation in the current study to a set of orthogonal analyses identifying the main effects of sibutramine and satiety as well as the interaction between these two factors.
Modulatory effects of satiety on calorie-responsive brain activation
Regional activation patterns. We were primarily interested in which of the regions specifically activated in response to high-calorie images showed a modulation of activity depending on whether they were fasted or fed but regardless of drug treatment. This comparison explored, in essence, the main effect of satiety on calorie-specific activity.
Behavioral relevance of brain activation. Regions showing the fasting/ stimulus interaction were then assessed further by extracting parameter estimates from foci of maximal effect and determining whether there was a significant correlation, across individuals, with subsequent amount of food consumed in the ad libitum "snack" task described above. The purpose of this analysis was to assess whether the stimulus-dependent activations showing sensitivity to fasted/fed state were predictive of behavior when given access to real food.
Modulatory effects of sibutramine on calorie-responsive brain activation
Regional activation patterns. Here, we determined whether regions specifically activated in response to high-calorie images showed a modulation of activity depending on whether they had received sibutramine or placebo during the previous 2 weeks, regardless of whether they were fasted or fed during the scanning session. This comparison explored, in essence, the main effect of sibutramine on calorie-specific activity.
Behavioral relevance of brain activation.
Regions showing the drug modulation were then assessed further by extracting parameter estimates from maximal foci and determining whether there was a significant correlation, across individuals, with the drug's impact on the amount of food consumed in the ad libitum "snack" task described above. Here, the purpose of the analysis was to assess whether the drug's effect on brain responses was related to its effects on behavior. Further correlations were also performed with key outcome measures relating to sibutramine's clinical effects [weight reduction, loss of fat mass, changes in Hunger, Craving, Fullness Questionnaire (HCFQ) score].
Post hoc analyses
We performed two post hoc analyses to inform our understanding of the drug effects more clearly.
Post hoc analysis 1: are sibutramine-induced changes dissociable from nonspecific effects of weight loss? Since any differences in brain response could be directly attributable to the drug but might also be a secondary effect of the anticipated weight loss, we performed a post hoc analysis assessing those individuals who received sibutramine before placebo. In these individuals it was anticipated that weight after the initial 2 weeks of sibutramine treatment would be comparable to that measured 4 weeks later when they had finished the placebo arm. That is, for this subgroup, any differences in brain response would be more directly attributable to sibutramine and could not be accounted for merely by weight change.
Post hoc analysis 2: are hypothalamic responses before treatment predictive of the clinical response to sibutramine? In a post hoc analysis, we explored correlations between brain response under placebo treatment and subsequent weight/fat loss on sibutramine in those individuals who had been randomized to receive placebo first. That is, we addressed the question of whether brain response before receiving sibutramine (i.e., at baseline response) would predict the efficacy of sibutramine when they later received it. This analysis sought to establish whether there is an individual variability that might predict, rather than merely reflect, the efficacy of subsequent sibutramine treatment.
Responses to high-calorie (compared to low-calorie) images differing as a consequence of both drug treatment and fasted/fed state
Finally, we explored the two-way interaction (fasted/fed state by drug/ placebo state) to identify regions in which the stimulus related activation showed a modulation by fasted state that differed across sibutramine and placebo states. This would give clues about whether sibutramine was having an effect on brain activity that was particularly determined by the subjects' current state of satiety.
Results
Sample characteristics are summarized in Table 1 .
Body weight/composition and eating behavior
These effects are summarized in Table 2 . Body weight was reduced to a greater extent following sibutramine, and this difference was highly significant (see Table 2 ). There was also a significantly greater reduction of fat mass following sibutramine (see Table 2 ), but no significant treatment difference in total body water ( p ϭ 0.18). Although reduction of body water has been considered an important component of weight loss in the short-term treatment of obesity, these data indicate that the most consistent contribution to the weight reduction following sibutramine is attributable to reduced fat mass. Blood pressures measured following each 2 week treatment period did not show a significant effect of sibutramine [mean systolic pressures: placebo mean (SD) ϭ 113 (11) mmHg; sibutramine ϭ 114 (10) mmHg; mean diastolic pressures: placebo ϭ 66 (8) mmHg; sibutramine ϭ 64 (6) mmHg]. We are confident therefore that changed blood pressure did not have an impact on brain response measurements reported below.
Consistent with its effects on body weight, sibutramine was associated with significantly greater reductions in self-reported intensity of hunger and craving, and increases in subjective reports of satiety, measured using the HCFQ (t ϭ 4.04; df ϭ 32.2; p ϭ 0.0001). Sibutramine was also associated with significantly reduced ad libitum food intake (t ϭ 2.2; df ϭ 20.9; p ϭ 0.043).
Brain responses to picture stimuli regardless of satiety or sibutramine treatment
This initial analysis was performed to determine the brain regions responding to high-compared to low-calorie food images, regardless of drug or fasted state. As described in the methods section, we confined this analysis to a set of regions shown across a broad set of previous studies to be sensitive to food-related stimuli: orbitofrontal cortex, insula, midbrain, hypothalamus, amygdala, and ventral striatum. As expected, there was significantly greater activation in response to high-calorie food than in response to low-calorie food images in a number of predicted regions, notably insula, striatum, midbrain, hypothalamus, and amygdala. The results are summarized in Figure 2 and Table 3 . Similar activations were found when comparing responses to all food images to responses to nonfood images (see supplemental Table 1 , available at www.jneurosci.org as supplemental material).
Regions showing significantly greater activation for highcalorie than for low-calorie images (henceforth referred to as a "calorie-specific" response) provided the focus for subsequent analysis of satiety-dependent and drug-dependent modulations as described above. Figures 2 and 3 , the effect of satiety was to attenuate the ventral striatal response to high-calorie food images. The magnitude of satiety-related difference in ventral striatal activation was correlated with subsequent behavior when given access to real food. Significant correlations were found between the magnitude of the eating-related attenuation of caloriespecific striatal activation and the amount of popcorn consumed during that visit (Spearman's ϭ 0.42; p ϭ 0.025, onetailed). See Figure 3 .
Modulatory effects of sibutramine on calorie-responsive brain activation
We next determined the location of sibutramine's effects on brain responses. A significant impact on brain response to high (compared to low)-calorie food images was identified in two regions: right hypothalamus [x, y, z ϭ 4 mm, Ϫ2 mm, Ϫ6 mm; Z ϭ 3.6; small volume familywise error corrected for the volume of interest and Bonferroni corrected for the number of regions tested ( p ϭ 0.014)] and right amygdala [x, y, z ϭ 22 mm, 1 mm, Ϫ17 mm; Z ϭ 3.2; small volume familywise error corrected for the volume of interest and Bonferroni corrected for the number of regions tested ( p ϭ 0.024)]. See Figures 2 and 4. Bearing in mind the small size of the hypothalamus, and the potential error in localizing it automatically in computationally normalized images, we corroborated this key result with supplementary individualized analyses with reduced spatial smoothing to optimize precision of localization. We superimposed each participant's functional response to high-calorie foods onto their own structural MRI scan (note that structural scan data of sufficient quality were unavailable for one individual). This confirmed the localization of activity to the hypothalamus in the majority of individuals (see supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Note that while in some individuals the focus of maximal effect was on the right, in others it was on the left (the greatest groupwise effect was right-sided).
The modulatory effects of sibutramine on brain activation in the hypothalamus were significantly correlated with its effects on body weight (Spearman's ϭ Ϫ0.51, two-tailed p ϭ 0.02), and on ad libitum food intake (Spearman's ϭ Ϫ0.58, twotailed p ϭ 0.004); see Figure 2 . Thus, individuals who experienced the greatest reduction in body weight and ad libitum food intake following sibutramine treatment also tended to Brain activations in response to high-calorie food images, and modulations by sibutramine and satiety. Coronal (at y ϭ Ϫ14 mm, Ϫ4 mm, ϩ2 mm, and ϩ6 mm relative to the anterior commissure) and sagittal (at x ϭ ϩ6 mm, ϩ8 mm, ϩ22 mm, and ϩ8 mm to the right of the midline) sections from the group average structural image are shown. Superimposed on these in red are significant activations from the comparison between high-and low-calorie food images (all surviving p Ͻ 0.05, familywise error correction for multiple comparisons). Key regions showing this effect were insula, striatum [including putamen and globus pallidus (Put/Pall)], midbrain, amygdala, and hypothalamus. Superimposed in yellow is the region of ventral striatum (VS) showing a significantly greater response in the fasted state. In green are those regions-hypothalamus (Hy) and amygdala (Amyg)-that showed a stimulus-type-by-drug interaction, i.e., significant reduction in high-calorie stimulus-related activation following treatment with sibutramine (compared to placebo). The interactions threshold is p Ͻ 0.01, uncorrected, for display.
show the greatest drug-related reduction in hypothalamic activation. However, sibutramine's effect on calorie-responsive brain activation in the hypothalamus was not significantly correlated with its effects on fat mass (Spearman's ϭ Ϫ0.25, p ϭ 0.27). There was also no evidence of significant correlation between sibutramine's effects on calorie-responsive activation in the amygdala and its effects on body weight, fat mass, or ad libitum eating behavior.
Post hoc analysis 1: are the effects of sibutramine on brain activation dissociable from the effects of weight loss? Since sibutramine treatment was associated with significant weight reduction, and since weight reduction per se has been shown to modulate brain activation by food-related stimuli (Rosenbaum et al., 2008) , one possible interpretation of sibutramine's effects on brain function is that they indirectly represent the pharmacologically nonspecific effects of weight reduction. To address this potential confound, we focused on the subgroup of participants who had been randomized to receive treatment with sibutramine before treatment with placebo, extracting parameter estimates from the hypothalamic and amygdala foci identified by the comparison above. We found that weight reduction following sibutramine was maintained following placebo, i.e., the subjects did not have significantly different body weight at the time of the fMRI scans conducted at the end of each treatment period. Yet the effect of sibutramine on hypothalamic (F (1,10) ϭ 10.4; p ϭ 0.005, one-tailed) and amygdala (F (1,10) ϭ 6.3; p ϭ 0.02, onetailed) activation remained significant. This result suggests that sibutramine's attenuation of hypothalamic and amygdala activation by high-calorie food images is not simply attributable to the confounding effects of reduced body weight but more likely represents a pharmacologically specific effect of the drug.
Post hoc analysis 2: are hypothalamic responses before treatment predictive of the clinical response to sibutramine? Here, we determined whether brain responses measured before receiving sibutramine would predict its efficacy when later administered. Thus, confining an analysis to the subgroup of individuals who received placebo during the initial 2 week period (data available on 12 participants), we observed that the hypothalamic response to high-calorie foods following placebo was indeed predictive of later weight loss when sibutramine was started (n ϭ 11; Spearman's ϭ Ϫ0.81, p ϭ 0.003). We should add that this analysis was performed as a preliminary test of whether brain activation in response to specific food stimuli might predict the efficacy of sibutramine before it had ever been taken. However, as the analysis is not statistically independent of the analysis performed to assess the correlation between weight loss and sibutramine differences relative to placebo, we treat this finding with due caution.
Responses to high-calorie (compared to low-calorie) images differing as a consequence of both drug treatment and fasted/fed state None of the regions showing a calorie-specific response showed a significant interaction between drug and fasted/fed status.
Further analysis: formal testing of region-by-satiety and region-by-drug interactions
Of course, the presence of qualitatively different responses in the three regions is not directly indicative that the regions show significantly different profiles of activation. We therefore extracted average data from the entire spheres of interest (originally identified using high-calorie vs low-calorie contrast, as above) and tested these regional interactions post hoc by entering caloriespecific activations (that is, the magnitude of difference in response to high-calorie, compared to low-calorie, food images) into a 3 ϫ 2 ϫ 2 ANOVA. This is not independent of the voxelwise analyses described above but serves as a complementary analysis aimed at establishing the significance of regional differences already described. The ANOVA embodied three factors: region (three levels: amygdala, hypothalamus, and striatum), satiety (two levels: fasted and fed) and drug treatment (two levels: placebo and sibutramine), and also included a Greenhouse-Geisser correction. The ANOVA showed significant region-by-drug (F (2,46) ϭ 6.5; p(one-tailed) ϭ 0.005) and region-by-satiety (F (2,46) ϭ 3; p(one-tailed) ϭ 0.04) interactions. Post hoc tests confirmed significant region-by-satiety (F (1,23) ϭ 11.5; p(onetailed) ϭ 0.004) and region-by-drug (F (1,23) ϭ 3.9; p(onetailed) ϭ 0.03) interactions when comparing hypothalamus and ventral striatum as well as significant region-by-drug (F (1,23) ϭ 10; p(one-tailed) ϭ 0.008) and near-significant region-by-satiety (F (1,23) ϭ 2; p(one-tailed) ϭ 0.085) interactions when comparing amygdala with ventral striatum.
Thus, the results show a significant double dissociation across hypothalamic and ventral striatal responses and a strong trend toward double dissociation between amygdala and ventral striatum. Hypothalamic and amygdala responses did not significantly differ.
Discussion
In summary, we have shown that the modulatory impact of sibutramine and satiety differs significantly across hypothalamus, amygdala, and ventral striatum. Sibutramine, as well as producing the expected reductions in weight and food consumption, was associated with an attenuation of calorie-specific responding in the hypothalamus and amygdala, regardless of satiety. Moreover, the magnitude of hypothalamic modulation correlated with subsequent ad libitum consumption and weight change. Striatal responses, which were sensitive to the effects of satiety, but not drug, also correlated with subsequent ad libitum consumption. This double dissociation suggests functionally distinct roles of these regions responding to food-related stimuli.
The pattern of brain responses to images of high-calorie foods, compared to low-calorie, bland foods, is consistent with previous observations (Killgore et al., 2003; Schur et al., 2009) . While other regions, including prefrontal cortex, thalamus, and cerebellum (Killgore et al., 2003) and hippocampus (Pelchat et al., 2004) , have also shown such sensitivity, we initially focused upon activations in midbrain, ventral striatum, amygdala, hypothalamus, and insula, which have been consistently shown to be responsive to high-calorie food images and were found to be so in the current study. We should acknowledge that the imaging parameters used did not optimize acquisition of data from orbitofrontal cortex, which previous work has implicated in such tasks (Killgore and Yurgelun-Todd, 2005; Porubská et al., 2006; Rothemund et al., 2007; Fü-hrer et al., 2008; Schienle et al., 2009) . The implications of the distinct regional effects of drug and satiety are considered below.
Ventral striatum
The impact of fasting on neuronal responses to food stimuli has been studied using functional MRI (e.g., Goldstone et al., 2009) , and while the precise brain regions showing such an effect have varied across studies, the general pattern is one of an eating-induced reduction in activation. This is to be expected for regions where activation signals food's value or desirability, which would diminish with satiety. It fits with the observations made here in the ventral striatum, which was sensitive to participants' current state of hunger. However, in contrast to amygdala and hypothalamus, its activity was not modified over the 2 week period of sibutramine treatment. Ventral striatal responses have been implicated in reward processing (O'Doherty, 2004) , specifically showing responses to stimuli that predict imminent reward. It has been suggested that this region codes the motivating properties of stimuli (Berridge and Kringelbach, 2008; Berridge, 2009 ), a suggestion consistent with the eating-induced reduction in response observed here. We have previously shown that more rewarding food pictures are associated with greater striatal responses in leptin-deficient individuals (who show extreme motivation toward food stimuli) and that this relationship is stronger in the fasted state, being attenuated by eating but only following leptinreplacement treatment (Farooqi et al., 2007) . Intriguingly, the impact of leptin on ventral striatal responses may derive, in part, from its modulation of dopamine release (Krügel et al., 2003) .
Hypothalamus
The hypothalamic calorie-specific response was insensitive to the participants' current state of satiety but was attenuated by drug treatment. This occurred in the context of the drug's expected therapeutic effects on body weight, fat mass, and eating behavior. These anthropometric and behavioral effects of sibutramine were related here directly to its effects on brain activation. Individuals who experienced greater reductions of body weight and ad libitum food intake showed greater drug-related suppression of calorie-specific hypothalamic responses. These data strongly suggest that changes in eating behavior and body weight attributable to sibutramine treatment are mediated or caused by changes in functional responding in the hypothalamus.
It appears that the impact of the drug on hypothalamic responding may be key to understanding its beneficial effect in the treatment of obesity, especially given the correlation between the hypothalamic effects of sibutramine and its clinical efficacy. The finding complements recent work suggesting that, in the context of manipulation of PYY, greater levels of hypothalamic activity predict subsequent eating behavior (Batterham et al., 2007) . This is in keeping with experimental studies in rodents, which show that central pathways involving the hypothalamus are critical to the regulation of appetite and weight (Morton et al., 2006) , and that serotonergic effects on food intake are mediated predominantly via pro-opiomelanocortin (POMC)-expressing neurons in the arcuate nucleus of the hypothalamus (Zhou et al., 2005; Heisler et al., 2006) . It is compatible too with observations showing a calorie-specific (high-calorie vs low-calorie images) effect ( p Ͻ 0.05, corrected), and in yellow is the region of ventral striatum ( p Ͻ 0.01 uncorrected) in which this calorie-specific response is significantly greater in the fasted than the fed state. Top right, The plots show estimates of stimulus-related brain activation for each of the eight key conditions, divided by image type (high calorie/low calorie), satiety state (fasted/fed), and treatment (sibutramine/placebo). The y-axis show the effect sizes in the ventral striatal region as parameter estimates derived from the general linear model (units are arbitrary). As can be seen there is a strong effect of image type and of fasted state but no drug effect. Bottom, Scatter plot showing the association between the fasted versus fed effect for high-calorie compared to low-calorie images in ventral striatum and the subsequent weight of popcorn consumed in the ad libitum snack test. As can be seen, the greater the striatal response to high-calorie images under fasting conditions, the greater the subsequent consumption.
of hypothalamic serotonin release following systemic sibutramine administration (Gundlah et al., 1997) . It is noteworthy that observations in mice (Heisler et al., 2006) and the emerging models of serotonergic impact on hypothalamic neurons (Garfield and Heisler, 2009 ) suggest that upregulation of serotonin would have both an excitatory effect on POMC cells and an inhibitory effect on Agouti-related protein neurons, both within the arcuate nucleus of the hypothalamus. While the spatial resolution of fMRI does not allow us to distinguish between these neuronal groups, it is intriguing to observe that the overall response in our study was one of suppression. However, this observation should be qualified by adding that while the overall drug-induced response is one of suppression, it remains feasible that the impact of sibutramine is to elevate baseline or tonic hypothalamic activity, leading both to an increase in satiety and to an attenuated response to the food-related stimuli that would normally induce a desire to eat. We can only speculate on this, but the clear impact of the drug on the hypothalamus and the relationship of this impact to weight and food-related behaviors are strongly suggestive that the neural basis of sibutramine's efficacy is, at least, in part consequent upon its ability to modulate hypothalamic responses.
Our combined imaging and behavioral findings are compatible with a causal relationship whereby reduced brain activation leads to reduced food intake and body weight. Of course, it would be beneficial ultimately if imaging observations were predictive of clinical efficacy. With this in mind, we examined specifically the group of participants that received placebo first. Individuals with greater hypothalamic activation on placebo were found to be more sensitive to subsequent sibutramine treatment in terms of its efficacy in producing weight loss.
Amygdala
The pattern of response in amygdala, a region that has repeatedly shown sensitivity to food-related stimuli (Killgore et al., 2003; Holsen et al., 2005 Holsen et al., , 2006 Stoeckel et al., 2008; Schur et al., 2009 ) was comparable to that found in the hypothalamus. Previous observations of amygdala responses to food-related stimuli, suggest that its activation is related to the value placed on foods by individuals. This is shown by elevated responses in obese people (Stoeckel et al., 2008) and its unusually persistent activity following a meal in individuals with Prader-Willi syndrome (Holsen et al., 2006) . Furthermore, an infusion of ghrelin, which heightens appetite, increases the amygdala response to food images (Malik et al., 2008) . More generally, amygdala activation correlates well with the rewardpredicting value assigned to a stimulus (Gottfried et al., 2003) , and evidence from animals shows clearly that damage to amygdala prevents the attenuation of reward-acquiring behaviors when the reward itself is no longer valued, for example, as a consequence of overfeeding (Johnson et al., 2009 ). Our findings too are compatible with the amygdala encoding the value that showing a calorie-specific (high-calorie vs low-calorie images) effect ( p Ͻ 0.05, corrected), and in green ( p Ͻ 0.01, uncorrected) are the hypothalamic regions in which this calorie-specific response is significantly attenuated by sibutramine. Top right, The plots show estimates of stimulus-related brain activation for each of the eight key conditions, divided by image type (high calorie/low calorie), satiety state (fasted/fed), and treatment (sibutramine/placebo). The y-axes show the effect sizes in the ventral striatal region shown or parameter estimates derived from the general linear model (units are arbitrary). As can be seen there is a strong effect of image type and of sibutramine but not of fasted/fed state. Bottom, Scatter plots showing the associations between the effect of sibutramine on suppression of hypothalamic activation by high-calorie food images (x-axis) and its effects on the proportion of ad libitum popcorn consumed on sibutramine compared to placebo (left) and on body weight in kilograms (right). In both graphs, a value of greater than zero on the x-axis indicates a suppression of activation on sibutramine compared to placebo; a value of less than zero on the y-axis indicates that there was a greater reduction in snacking or weight for sibutramine compared with for placebo. The graphs show that participants who demonstrated greater suppression of hypothalamic activation by sibutramine also showed greater treatment-related reduction in popcorn snacking and body weight. b, Amygdala responses to experimental manipulations (image type and sibutramine status). Left, A coronal section of the group average structural MRI at 2 mm anterior to the anterior commissure. Superimposed in red are the local regions showing a calorie-specific (high-calorie vs low-calorie images) response ( p Ͻ 0.05, corrected), and in green (at crosshairs) is the amygdala region in which this calorie-specific response is significantly attenuated by sibutramine ( p Ͻ 0.01, uncorrected). Right, The plots show estimates of stimulus-related brain activation for each of the eight key conditions, divided by image type (high calorie/low calorie), satiety state (fasted/fed), and treatment (sibutramine/placebo). The y-axis show the effect sizes in the ventral striatal region shown or parameter estimates derived from the general linear model (units are arbitrary). As can be seen, there is a strong effect of image type and of sibutramine but not of fasted/fed state. participants attach to the images representing foods. In particular, the effect of sibutramine is noteworthy, given that the amygdala has abundant serotonergic input and receptors (Hariri et al., 2006) and enhancing serotonin neurotransmission may attenuate amygdala activity through potentiation of GABAergic inhibition (Rainnie, 1999) .
It has previously been shown that the amygdala and hypothalamus are less responsive to food pictures when participants lose weight (Rosenbaum et al., 2008) . We considered the possibility that the reductions in activation reported here reflects a nonspecific effect of weight loss. However, in a post hoc analysis of those participants who received sibutramine first, while weight reduction was maintained throughout the second period of treatment with placebo, the treatment effect on hypothalamic and amygdala activation remained significant. This result indicates that reduced body weight alone did not attenuate brain responses to food stimuli in the placebo condition.
The problems posed by obesity have driven researchers to consider its origins not solely in terms of basic homeostatic drives invoking hunger and satiety but also in terms of the higher-level cognitive processes such as learning, wanting, and liking that might arise from and shape these drives. In this regard, functional neuroimaging has been playing an increasing role in how we investigate obesity and its causes. In the future, it is likely also to contribute to the development and testing of new treatments. The current study elucidates the neural modulations produced by two independent experimental manipulations of participants' drive to eat: satiety and treatment with an anti-obesity drug. Across three key regions, we observed dissociable patterns of response, which were predictive of subsequent food consumption. These data suggest fundamentally different contributions of these regions to eating behavior. Our results also point to the possibility of developing behavioral and brain functional markers or predictors of therapeutic response that might be of clinical value in identifying individual patients most likely to benefit from personalized or stratified treatment with centrally acting anti-obesity drugs.
